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Abstract 

A  graphite  electrode  irreversibly  adsorbed  by  2,4,6-tris(2-piridil)- 1  ,3,5-triazine  (abbreviated  as  TPT)  was  examined  by  cycbc  voltammetry. 
The  adsorbed  TPT  exhibited  two  irreversible  reduction  waves  in  the  potential  range  of  —0.7  and  —  1 .0  V  (versus  SCE).  Upon  strong  adsorption, 
TPT  can  serve  as  a  coordination  ligand  for  copper  ions  to  form  a  surface  complex.  Its  three  adjacent  nitrogen  positions  provide  strong  affinity 
to  the  metal  ions  and  bond  copper(II)  to  an  electrode  surface.  A  1:1  coordination  between  Cu(II)  or  Cu(I)  and  the  TPT  ligand  to  form 
[Cu(II)(TPT)]2+  or  [Cu(I)(TPT)]+  is  the  predominant  process,  evidenced  by  spectrophotometry,  surface  cyclic  voltammetry,  and  coordinated 
structural  feasibility  of  Cu(II)/Cu(I)-TPT  complexes.  The  predominant  copper(II)-TPT  surface  complex  shows  a  reversible  redox  wave, 
which  is  identified  as  one-electron  process  of  [Cu(II)(TPT)]2+  -o-  [Cu(I)(TPT)]+. 

The  electrode  adsorbed  by  [Cu(II)(TPT)]2+  complex  showed  electrocatalytic  activity  towards  oxygen  and/or  hydrogen  peroxide  reductions. 
The  catalyzed  reduction  of  oxygen  and  hydrogen  peroxide  were  identified  as  four-electron  and  two-electron  process  to  form  water.  It  is 
suggested  that  the  possible  electrocatalytic  reductions  were  due  to  an  inner-sphere  mechanism,  which  involved  a  coordination  between 
substrate  (O2  or  H2O2)  and  [Cu(I)(TPT)]+.  The  reduction  kinetics  were  also  investigated  by  a  rotating  disk  electrode  method. 

©  2004  Elsevier  B.V.  All  rights  reserved. 

Keywords:  Graphite  electrode;  2,4,6-Tris(2-piridil)-l,3,5-triazine;  Copper  complex;  Electrocatalysis;  Oxygen  reduction;  Hydrogen  peroxide  reduction 


1.  Introduction 

Electrode  surface  attachment  by  an  active  molecule  or  a 
functional  group  has  drawn  great  attention  in  the  recent  years 
due  to  its  fundamental  importance  in  understanding  the  mech¬ 
anisms  of  surface  electron  transfer,  surface  structural  effects, 
and  electrochemical  catalysis  [1,2]. 

The  adsorption  process  of  irreversibly-adsorbed  organic 
molecules  with  large  conjugated  aromatic  rings,  such  as  an- 
thraquinones  [3],  phenanthrolines  [4-10]  and  triazines  [9-1 1] 
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has  been  used  to  create  electrode  surfaces  with  electroactive 
and  chelating  groups  for  the  purpose  of  chemical  analysis 
and  surface  electrocatalysis.  Electrode  surfaces  attached  by  a 
metal  complex  formed  between  an  irreversibly-adsorbed  lig¬ 
and  and  a  metal  ion  have  been  also  explored  for  the  purpose 
of  electrocatalytic  reduction  of  oxygen  and  hydrogen  per¬ 
oxide,  which  is  fundamentally  important  to  low-cost  catalyst 
development  in  energy  devices  such  as  fuel  cells  [1,2,10-12], 
In  this  paper,  the  surface  electrochemistry  of  adsorbed 
2,4,6-tris(2-piridil)-l,3,5-triazine  (TPT)  and  its  surface  com¬ 
plex  with  copper  ions  (Cu(II)-TPT  or  Cu(I)-TPT)  are  re¬ 
ported.  The  electrocatalytic  activity  of  a  surface  copper-TPT 
complex  adsorbed  on  a  graphite  electrode  towards  the  O2  and 
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H2O2  reduction  is  also  investigated.  The  kinetics  of  electro- 
catalyzed  O2  or/and  H2O2  reduction  are  examined  by  cyclic 
voltammetric  and  rotating  disk  electrode  methods.  The  pos¬ 
sible  reaction  mechanisms  are  also  discussed. 


2.  Experimental 

2.1.  Reagents  and  materials 

All  reagents  (Cu(S04)2-5H20  (Merck),  2,5,6-tris(2- 
piridil)-l,3,5-triazine  (Aldrich),  NaC104  (Merck),  H3PO4 
(Merck),  H3BO3  (Merck),  NaOH  (Merck)  and  30%  H202 
aqueous  solution  (Merck)  were  analytical  grade,  and  used 
without  further  purification.  For  solution  preparation,  double- 
distilled  water  was  further  purified  through  an  ultra¬ 
purification  system  (NANOPURE  Water  System,  model 
D4741).  Britton-Robinson  buffer  solutions  (abbreviated  as 
BR  buffer;  CH3COOH  +  H3BO3  +  H3PO4,  0.04  mol  dm"3 
for  each  component)  containing  0.1  mol  dm-3  of  NaClC>4 
were  used  as  supporting  electrolyte.  The  pH  adjustment  was 
obtained  with  addition  of  1 .0  mol  dm-3  NaOH  to  the  support¬ 
ing  electrolyte.  Nitrogen  gas  with  high  purity  of  99.99%  was 
used  to  bubble  through  the  test  solution  to  remove  dissolved 
oxygen. 

2.2.  Electrode  preparation 

Pyrolytic  graphite  electrodes  were  sealed  to  stainless  steel 
shafts  with  heat  shrinkable  polyolefin  tubing.  Electrodes 
were  mounted  with  the  basal  planes  of  the  graphite  exposed 
but  the  polishing  procedure  could  result  in  edge  plane  ex¬ 
posure.  The  electrode  area  was  0.16  cm2,  which  was  cali¬ 
brated  electrochemically  by  a  1  x  10-3  mol  dm- 3  solution 
ofK3[Fe(CN)6].  Electrodes  were  polished  using  0.5  pm  alu¬ 
mina,  sonicated  for  10  min  in  water  and  rinsed  with  acetone 
and  water  before  each  experiment. 

2.3.  Electrochemical  measurements 

Electrochemical  measurements  were  performed  by  a  con¬ 
ventional  three-compartment,  three-electrode  cell.  A  satu¬ 
rated  calomel  electrode  (SCE)  was  used  as  the  reference  elec¬ 
trode,  and  a  platinum  wire  as  the  auxiliary  electrode,  respec¬ 
tively.  Cyclic  voltammetry  was  conducted  with  an  electro¬ 
chemical  analyzer  PAR  164  A.  For  rotating  disk  voltamme¬ 
try,  an  RDE3  potentiostat  and  ARS  rotator  (Pine  Instruments) 
were  employed  with  an  X-Y recorder.  For  oxygen  reduction 
experiments,  the  electrolyte  was  bubbled  with  pure  O2  for  at 
least  15  min.  The  dissolved  oxygen  concentration  was  taken 
as  1.3  x  10-3moldm-3  at  ambient  conditions. 

2.4.  Surface  attachment 

For  TPT  attachment,  a  polished  electrode  was  inserted  into 
a  1  x  10-3  mol  dm-3  TPT  aqueous  solution  for  a  period  of 


10-30  s,  taken  out  and  rinsed  with  water,  then  transferred  to 
an  electrochemical  cell  containing  only  the  supporting  elec¬ 
trolyte  for  measurement.  For  surface  Cu(H)-TPT  complex 
formation,  the  electrode  previously  coated  with  TPT  was  ex¬ 
posed  to  a  solution  of  1  x  10-4  mol  dm-3  CUSO4  for  10-30  s, 
taken  out  and  washed  with  water  for  electrochemical  mea¬ 
surement. 

All  experiments  were  conducted  at  ambient  laboratory 
temperature  (25  ±2°C).  Potentials  were  measured  with  re¬ 
spect  to  a  saturated  calomel  electrode. 


3.  Results  and  discussion 

3.1.  Surface  electrochemistry  of  TPT 

As  shown  in  Fig.  1,  TPT  is  a  large  conjugated  molecule, 
capable  of  inducing  a  strong  and  irreversible  adsorption  on 
a  graphite  electrode.  Fig.  2  shows  the  surface  cyclic  voltam¬ 
metry  of  adsorbed  TPT  on  a  graphite  electrode  (b).  For  the 
purpose  of  comparison,  the  cyclic  voltammetry  for  the  bare 
graphite  surface  was  also  recorded  as  shown  in  Fig.  2(a). 
There  are  two  irreversible  reduction  waves  (waves  I  and 
II),  which  were  observed  near  the  potentials  of  —0.72  and 
—  1 .01 V.  In  order  to  see  the  reversibility  of  wave  I,  the  poten¬ 
tial  was  scanned  to  —0.85  V,  then  scanned  back.  In  this  way, 
the  further  reduction  (wave  II)  was  avoided.  No  reversible  ox¬ 
idation  wave  was  observed,  indicating  that  the  electrochem¬ 
ical  process  for  wave  I  is  an  irreversible  reduction. 

The  area  under  wave  II  is  about  1.8  times  larger  than  that 
of  wave  I.  This  suggests  that  the  electron  number  involving 
in  wave  II  may  be  two  times  greater  than  that  of  wave  I.  In  or¬ 
der  to  know  how  many  electrons  were  contained  in  the  waves, 
the  graphite  electrode  was  coated  with  various  known  quan¬ 
tities  of  TPT  (~10-11  mol  cm-2)  and  then  inserted  into  the 
pure  supporting  electrolyte  (pH  5.3,  BR  buffered)  to  record 
the  cyclic  voltammograms  [13].  In  this  way,  two  distinguish¬ 
able  waves  similar  to  those  in  Fig.  2  were  obtained.  However, 
wave  II  became  very  broad  and  flat,  which  made  the  area  de¬ 
termination  difficult.  The  difference  between  the  dry  coating 
and  the  wet  adsorption  for  the  electrode  modification  may 
be  responsible  for  the  distortion  of  wave  n.  Wave  I  was  still 
in  a  well-defined  shape,  from  which  the  electron  number  of 
1.9  was  obtained.  This  number  of  1.9  suggested  that  wave 
I  was  a  two-electron  reduction  process.  Combined  with  the 
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E/V  (vs  SCE) 


Fig.  2.  Voltammetric  responses  of  a  bare  graphite  electrode  (a)  and  a  TPT 
adsorbed  graphite  electrode  (b).  The  cleaned  electrode  was  first  exposed  into 
a  TPT  solution  for  25  s,  then  washed  and  transferred  to  a  solution  contain¬ 
ing  only  supporting  electrolyte  (0.1  mol  dm-3  NaClC>4);  Britton-Robinson 
buffer:  0.04  mol  dm”3  CH3COOH/H3BO3/H3PO4,  pH  5.3.  Potential  scan 
rate:  lOOmV s-1.  TPT  surface  concentration:  9.97  x  10-10molcm-2. 

observation  in  Fig.  2  that  the  area  of  wave  II  was  twice  that 
of  wave  I,  it  may  be  concluded  that  wave  II  is  a  four-electron 
process.  This  observation  is  consistent  with  the  results  con¬ 
cluded  by  Kamal  et  al.  [14]  on  a  mercury  electrode.  Fig.  3 
shows  the  results  for  the  wave  potential  pH  dependences  in 
the  range  of  2.0-8. 0.  Both  peak  potentials  moved  in  the  neg¬ 
ative  direction  with  the  pH  increase.  When  the  pH  was  higher 
than  8.0,  the  waves  became  too  broad  and  flat,  which  made 
the  peak  potential  measurement  unreliable.  The  linear  rela¬ 
tionship  between  the  wave  peak  potential  and  the  solution 
pH  both  had  a  slope  ~60  mV  pH-1.  This  is  close  to  a  theo¬ 
retical  value  of  58  mV  pH-1  for  a  half  electrochemical  reac¬ 


tion  involving  a  1 : 1  ratio  of  electron  and  proton  numbers.  It 
may  be  concluded  that  the  reduction  of  wave  I  involves  two 
protons  and  two  electrons,  and  the  reduction  of  wave  II  in¬ 
volves  four  protons  and  four  electrons.  Kamal  et  al.  [14]  have 
given  the  explanation  of  TPT  reduction  process  on  a  mercury 
electrode  surface.  The  total  of  six  electrons  and  six  protons 
would  go  to  the  middle  triazine  ring  to  covert  three  double 
bonds  into  three  single  bonds,  destroying  the  conjugate  struc¬ 
ture  of  TPT  molecule.  The  reduction  of  wave  I  converted  the 
first  double  bond  into  a  single  bond,  and  the  wave  II  did  the 
other  two. 

3.2.  Surface  electrochemistry  of  adsorbed 
Cu(II)/Cu(I)-TPT  complexes 

The  electrode  adsorbed  by  TPT  was  transferred  to  a  so¬ 
lution  containing  4x  10“ 5  mol  dm- 3  of  Cu(II),  and  then 
scanned  between  the  potentials  of  0.5  and  —0.6V  for  15  cy¬ 
cles  at  a  potential  scan  rate  of  lOOmV  s-1.  After  that  step, 
the  electrode  was  taken  out,  transferred  into  a  solution  only 
containing  supporting  electrolyte  for  surface  electrochemical 
measurement.  The  obtained  cyclic  voltammogram  as  shown 
in  Fig.  4  (b)  from  which  the  surface  responses  of  surface 
Cu(II)/Cu(I)-TPT  complexes  can  be  observed  compared  to 
that  of  a  bare  graphite  electrode  surface  (Fig.  4(a)).  Similar 
behavior  has  been  reported  in  [7]  for  a  Cu(II)  surface  com¬ 
plex  although  the  ligand  employed  in  that  paper  is  different 
from  the  one  used  in  the  present  work.  It  is  believed  that  the 
response  (waves  III/III')  is  an  electrochemical  process  of  the 
surface  Cu(II)-TPT  complex  which  has  a  1 : 1  ratio  between 
the  metal  center  and  the  ligand.  The  copper  may  undergo  a 
one-electron  reduction/oxidation  between  Cu(II)  and  Cu(I). 


Fig.  3.  (a)  Cyclic  voltammograms  of  adsorbed  TPT  on  the  graphite  electrode  surface.  Experimental  conditions  are  as  in  Fig.  2.  (b)  Peak  potential  as  a  function 
of  solution  pH  (data  from  (a)). 
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(c) 


pH 


Fig.  4.  Cyclic  voltammograms  of  a  bare  graphite  electrode  (a)  and  a  Cu(H)-TPT-coated  graphite  electrode  (b).  (c)  The  pH  dependency  of  waves  HI/HI'  in  (b). 
Experimental  conditions  are  as  in  Fig.  2. 


The  pH  dependence  of  the  average  peak  potential  was  also 
obtained  by  adjusting  the  solution  pH  in  the  range  of  0-6.  The 
linear  relationship  had  a  slope  of  ~48  mV  pH- 1  which  could 
be  considered  to  be  close  to  the  theoretical  value  of  58  mV 
for  a  half  electrochemical  reaction  involving  a  1:1  ratio  of 
electron  and  proton  numbers.  Thus,  the  result  suggests  that 
the  surface  reduction/oxidation  of  the  copper  center  involved 
one  electron  and  one  proton.  The  reaction  could  be  expressed 
as  the  follows: 

[Cu(II)TPT(H20)2(0H)]+  +  H+  +  e“ 

[Cu(I)TPT(H20)]+  +  2H20  (1) 


[Cu(II)TPT(H20  )2(OH)]+ 


din  general,  Cu(II)  favors  a  coordination  number  of  6,  and 
Cu(I)  complexes  favors  a  coordination  number  of  4.  In  each 
TPT  molecule,  there  are  three  nitrogen  positions  available 
with  which  a  Cu(II)  or  Cu(I)  ion  can  coordinate. 

In  the  case  of  Cu(II),  as  discussed  in  Section  3.3,  each 
Cu(II)  center  could  only  take  one  TPT  molecule  in  the  co¬ 
ordination  process,  indicating  that  for  total  six  coordination 
positions  around  the  Cu(II)  center,  three  of  them  are  occu¬ 
pied  by  TPT,  and  other  three  by  one  OH-  group  and  two 
water  molecules.  The  observation  that  the  Cu(II)  center  can¬ 
not  be  able  to  coordinate  with  two  TPT  molecules  may  be 
understood  based  on  the  steric  effect  of  the  large  sized  TPT 
molecule.  In  the  case  of  Cu(I),  each  Cu(I)  could  take  one  TPT 
ligand,  and  the  fourth  position  would  be  occupied  by  H20 
molecule.  The  proposed  surface  complex  of  Cu(H)/Cu(I)  are 
as  shown  in  Fig.  5. 


Cu(I) 


h2o 

Fig.  5.  Proposed  molecular  structures  of  Cu(II)/Cu(I)-TPT  complexes. 
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Fig.  6.  Cyclic  voltammograms  of  H2O2  (a)  and  O2  (b)  reductions  electro- 
catalyzed  by  a  Cu(H)-TPT  complex  adsorbed  on  the  graphite  electrode.  The 
concentration  for  both  O2  and  H2O2  is  2.4  x  10-4  mol  dm-3 .  Other  experi¬ 
mental  conditions  are  as  in  Fig.  2. 

Several  solutions  containing  different  mole  ratios  of  Cu(II) 
and  TPT  ligand  (the  total  concentration  of  Cu(II)  +  TPT  was 
in  the  range  of  1  x  10-3  to  1  x  10-2  mol  dm-3)  were  mea¬ 
sured  by  an  UV-vis  spectroscopic  method.  The  purpose  of 
this  experiment  was  to  confirm  that  the  complex  reaction  be¬ 
tween  Cu(II)  with  TPT  was  1 : 1  coordination  as  proposed  on 
the  graphite  electrode  surface  above.  The  aqueous  solution 
for  the  complexes  of  Cu(II)  with  TPT  shows  a  maximum  ab¬ 
sorbance  at  the  wavelength  of  288  nm.  The  continuous  varia¬ 
tion  plots  (absorbance  at  288  nm  versus  the  concentration  of 
[Cu(II)]/([Cu(ff)]  +  [TPT]),  gave  a  maximum  absorbance  at 
~1.0,  suggesting  that  the  complex  reaction  between  Cu(II) 
and  TPT  ligand  indeed  favors  the  1: 1  coordination. 

3.3.  Electrocatalytic  activities  of  [Cu(II)TPT]2+  toward 
the  reduction  of  O 2  and  H2O2 

The  graphite  electrode  modified  by  Cu(H)-TPT  complex 
was  tested  in  an  air  saturated  solution  (pH  5.3,  O2  concen¬ 
tration  is  approximately  2.4  x  10-4  mol  dm-3).  It  was  sepa¬ 
rately  tested  for  electrocatalytic  activity  in  a  solution  contain¬ 
ing  2.4  x  10-4moldm-3  of  H2O2.  For  the  comparison,  the 
bare  electrode  was  also  tested  in  the  same  way.  Compared  to 
the  bare  electrode,  a  significant  current  enhancement  for  both 
O2  and  H2O2  reductions  was  observed  on  the  Cu(II)-TPT 
modified  electrode.  Fig.  6  shows  the  cyclic  voltammono- 
grams  of  H2O2  (a)  and  O2  (b)  reductions.  Both  catalyzed 
reduction  peak  potentials  were  near  the  formal  potentials  of 
the  waves  III/IIT,  indicating  that  Cu(H)/Cu(I)-TPT  was  re¬ 
sponsible  for  the  catalytic  process.  For  a  proposed  reduction 
mechanism,  see  Section  3.4. 


The  magnitude  of  the  current  for  02  reduction  is  almost 
double  that  of  H2O2  reduction,  suggesting  that  the  electron 
number  involved  in  the  catalyzed  O2  reduction  may  be  two 
times  more  that  for  H2O2  reduction.  As  proven  in  this  paper, 
the  catalyzed  O2  reduction  by  Cu(II)-TPT  undergoes  a  four- 
electron  process  to  form  water: 

02  +  4H+  +  4e-  — >  2H20  (2) 

and  H2O2  reduction  is  through  a  two-electron  process  to  H2O: 
H202  +  2H+  +  2e-  — »•  2H20  (3) 

For  a  quantitative  estimation  of  the  reduction  process, 
the  two  catalyzed  reductions  were  also  examined  with  a 
rotating  disk  electrode  on  which  Cu(II)-TPT  was  adsorbed. 
Fig.  7  shows  the  current-potential  curves  at  various  ro¬ 
tating  rates  for  the  reduction  of  O2  (a)  and  H2O2  (c)  at 
a  rotating  Cu(II)-TPT  modified  electrode  together  with 
their  corresponding  Koutecky-Levich  plots  ((b)  for  O2 
and  (d)  for  H2O2).  The  dashed  lines  are  those  calculated 
according  to  Koutecky-Levich  theory  for  the  four-electron 
reduction  of  O2  and  two-electron  reduction  of  H2O2  with 
a  fully  diffusion  controlled  assumption.  The  observation 
from  Fig.  7(b)  and  (d)  that  the  experimental  linear  lines  for 
both  cases  are  parallel  to  those  calculated  for  four-electron 
and  two-electron  processes,  suggest  that  the  catalyzed  O2 
reduction  was  a  four-electron  process  (expressed  as  in  Eq. 
(2)),  and  the  catalyzed  H2O2  reduction  was  a  two-electron 
process  (expressed  in  Eq.  (3)).  The  non-zero  intercepts  for 
both  cases  in  Fig.  7(b)  and  (d)  indicated  that  the  reduction 
of  02  and  H2O2  catalyzed  by  a  Cu(II)/Cu(I)-TPT/electrode 
were  controlled  by  a  chemical  step.  The  intercept  of 
Koutecky-Levich  plot  can  be  expressed  as  [8,1 1]: 


4  nFAkCr 

where  n  is  the  overall  electron  number  of  corresponding  re¬ 
duction  (for  O2,  n  =  4,  and  for  H2O2,  n  =  2),  Fis  the  Faraday’s 
constant,  A  is  the  electrode  surface,  k  is  the  rate  constant 
governing  the  reaction  of  the  catalyst,  C  is  the  concentration 
of  O2  or  H2O2,  and  F  is  the  quantity  of  the  catalyst  on  the 
electrode  that  participates  in  the  catalyzed  reaction. 

The  values  of  4  were  obtained  at  a  Cu(II)-TPT  surface 
concentration  of  7. 5  x  10“ 10  mol  cm-2  by  adjusting  the  con¬ 
centration  of  O2  or  H2O2,  as  shown  in  Fig.  8(a)  and  (c)  , 
respectively.  The  linear  relationship  between  4  and  the  con¬ 
centration  suggests  that  both  O2  and  H2O2  have  a  reaction 

Table  1 

Rate  constants  for  O2  reduction  catalyzed  by  Cu(II)-TPT/electrode  at  25  °C 
and  1.0  atm 

C(02>  (xlO4  mol  dm-3)  4  ((jiA)  yt(02)  (xlO-5  mol-1  dm"3  s-1) 

1.8  4.1  9.4 

2.7  6.3  9.5 

3.6  7.8  8.9 

4.5  9.6  8.7 

The  Cu(II)-TPT  surface  concentration  is  7.5  x  10-10  mol  cm-2. 
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150  rpm 
100  rpm 


various  electrode  rotating  rates  as  marked  beside  each  ci 
Other  experimental  conditions  are  as  in  Fig.  6. 


e.  Koutecky-Levich  plots  for  O2  (b)  and  H2O2  (d)  reductions,  the  data  from  (a)  and  (c),  respectively. 


order  of  1.  The  pH  dependences  of  4  were  also  obtained  as 
shown  in  Fig.  8  for  O2  (b)  and  H2O2  (d),  respectively.  It  can 
be  seen  that  4  for  O2  and  H2O2  reduction  were  independent 
of  the  solution  pH,  from  which  the  zero  reaction  order  of  pro¬ 
ton  can  be  concluded.  From  the  data  shown  in  Fig.  8,  the  rate 
constants  of  O2  and  H2O2  reductions  were  estimated.  They 
are  listed  in  Table  1  (O2)  and  Table  2  (H2O2). 

Tables  1  and  2  show  that  the  rate  constant  for  the  reduction 
of  O2  to  water  is  almost  five  times  faster  that  the  reduction 
of  H2O2  to  water.  Similar  observations  have  also  been  re¬ 
ported  for  the  reduction  of  H2O2  and  O2  catalyzed  by  a  Cu(II) 
complex  of  4,7 -diphenyl- 1 , 1 0-phenanthrolinedisulfonate  ad¬ 
sorbed  on  a  graphite  surface  [5,7]. 

Table  2 

Rate  constants  for  H2O2  reduction  catalyzed  by  Cu(II)-TPT/electrode  at 
25  °C  and  1.0  atm 

C(H202)  ( x  104  mol  dm-3)  Ik  (p.A)  k(H202)  (x  1CT5  mol”1  dm“3  s”1) 

2.2  2.0  1.9 

2.6  3.0  2.4 

4.3  4.6  2.2 

6.5  7.6  2.4 

The  Cu(II)-TPT  surface  concentration  is  7.5  x  10“ 10  mol  cm-2. 


3.4.  Proposed  mechanism  for  the  electrocatalyzed 
reductions  of  O 2  and  H2O2 

The  pH  dependencies  of  the  potentials  where  the  catalyzed 
reductions  of  O2  and  H2O2  proceed  are  shown  in  Fig.  9. 
The  values  plotted  are  the  half-wave  potentials  of  the  reduc¬ 
tion  waves  obtained  at  a  rotating  disk  electrode.  Compared 
with  the  pH  dependency  of  the  formal  potential  of  waves 
m/nr  in  Fig.  4(c),  it  can  be  seen  that  the  half-wave  potentials 
for  the  reduction  of  O2  and  H2O2  were  more  negative  than 
those  where  the  adsorbed  Cu(II)-TPP  complex  was  reduced 
to  Cu(I)-TPT.  The  pH  dependent  pattern  shown  in  Fig.  4(c) 
and  Fig.  9  provides  an  insight  into  the  mechanism  of  the  elec- 
trocatalytic  process.  A  deep  analysis  of  the  process  has  been 
reported  in  the  literature  [7].  The  Cu(I)-TPT  surface  com¬ 
plex  formed  by  the  reduction  of  adsorbed  Cu(II)-TPT  on  the 
electrode  surface  is  believed  to  be  the  active  catalyst  which 
undergoes  the  inner- sphere  mechanism  for  O2  or  H2O2  re¬ 
duction.  In  this  inner-sphere  mechanism,  the  first  step  is  the 
formation  of  an  O2  or  H2O2  adduct: 

[Cu(I)TPT(H20)]+  +  02 

-*  [Cu(I)TPT(02)]+  +  H20  (for  02  reduction)  (6) 
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or 

[Cu(I)TPT(H20)]+  +  h2o2 

[Cu(I)TPT(H202)]+  +  H20  (for  H202  reduction) 

(7) 

followed  by  electron  transfer  from  bound  02  to  the  electrode 
through  the  catalyst  to  form  the  final  product  H20  under 
reductive  polarization  by  the  electrode: 

[Cu(I)TPT(02)]+  +  4H+  +  4e“ 

-*  [Cu(I)TPT(H20)]+  +  H20  (for  02  reduction)  (8) 
or 

[Cu(I)TPT(H202)]+  +  2H+  +  2e“ 

-►  [Cu(I)TPT(H20)]+  +  H20  (for  H202  reduction) 

(9) 

The  regenerated  [Cu(I)TPT(H20)]+  will  participate  in  an¬ 
other  cycle  of  the  catalytic  process.  More  experimental  data 
are  necessary  for  a  detailed  assessment  of  the  proposed  mech¬ 
anism. 


4.  Conclusion 

02  and  H202  reductions  electrocatalyzed  by  a 
copper-TPT  complex  adsorbed  on  the  graphite  elec¬ 
trode  were  investigated  by  cyclic  voltammetry  and  a  rotating 
disk  electrode.  The  corresponding  kinetic  constants  were 
obtained.  The  inner-sphere  mechanism  was  employed  to 
propose  the  reduction  mechanism.  In  this  inner-sphere 
mechanism,  the  adduct  formation  between  the  reactant  (02 
or  H202)  and  surface  Cu(I)  center  is  believed  to  be  the  first 
step,  which  is  followed  by  a  four-electron  transfer  from 
bound  02  to  the  electrode  through  the  catalyst  to  form  water 
(or  by  a  two-electron  process  from  H202  to  water). 

The  surface  coordination  between  adsorbed  TPT  and 
Cu(II)  or  Cu(I)  was  also  investigated  and  evidenced 


by  the  solution  UV-vis  spectroscopic  measurement  for 
the  Cu(II)-TPT  complex.  The  coordination  structures  of 
Cu(II)-TPT  and  Cu(I)-TPT  complexes  were  also  proposed 
based  on  the  experimental  data. 

The  adsorbed  TPT  ligand  displayed  two  successive  reduc¬ 
tion  waves.  The  first  wave  (wave  I)  was  identified  as  a  two- 
electron  and  two-proton  process,  and  the  second  wave  (wave 
II)  as  a  four-electron  and  four-proton  process.  The  whole  six- 
electron/six-proton  process  reduced  the  central  conjugated 
triazine  ring  to  a  saturated  C— N  six-member  ring. 
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